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Abstract 
In order to take requirements for commercial operations or military missions into better consideration in new flight vehicle de-
sign, a tri-hierarchical task classification model of “design for operation” is proposed, which takes basic man-object interaction 
task, complex collaborative operation and large-scale joint operation into account. The corresponding general architecture of 
evaluation criteria is also depicted. Then a virtual simulation-based approach to implement the evaluations at three hierarchy 
levels is mainly analyzed with a detailed example, which validates the feasibility and effectiveness of evaluation architecture. 
Finally, extending the virtual simulation architecture from design to operation training is discussed. 
Keywords: flight vehicle design; operation; virtual simulation; training; evaluation model 
1. Introduction1   
The development of modern high-performance flight 
vehicles, including military aircraft, civil transport air-
craft, helicopters, is an extremely complex, lengthy and 
costly process, in which the design stage could gener-
ally decide the success of a new program. For example, 
the conceptual and preliminary design phases in the 
beginning are relatively short, but plenty of important 
decisions should be made, and about 80% of the 
life-cycle costs of a flight vehicle will be determined 
during these phases [1]. 
To enhance design efficiency and quality, such new 
methods and technologies as computational fluid dy-
namics [2-3], multidisciplinary design optimization [4-6], 
parametric modeling of aircraft [7-8], have attracted lots 
of researches. Most of these researches focus on im-
proving flight vehicles’ performances, such as reducing 
                                                 
*Corresponding author. Tel.: +86-10-82339801. 
E-mail address: liuhu@buaa.edu.cn 
 
1000-9361      © 2012 Elsevier Ltd. 
doi: 10.1016/S1000-9361(11)60381-6  
weight, raising lift, reducing drag, decreasing radar 
cross section and improving flight quality. However, 
the design process should absolutely not be treated 
separately. A new program should not just focus on 
performances, but also consider from the lifecycle’s 
point of view, which fully takes into account the stages 
of manufacture, test, even the operational demand after 
delivery to users. More importantly, the commercial 
operations and military missions of new flight vehicles 
increasingly depend on complex operation environ-
ment, such as Next Generation Air Transportation Sys-
tem (NextGen) [9], network-centric warfare applica- 
tions [10], which makes it necessary to take the influence 
of System-of-Systems [11-12] into full consideration on 
flight vehicle design. 
In industry, the idea of “design for X (DfX)” has at-
tracted many interests, which draws together all the 
necessary tasks to form a product with respect to the 
diverse goals and restrictions applied to that prod-
uct[13-15]. To aviation industry, DfX is also regarded as 
one of the important design methods for future aircraft 
design, and X can mean manufacturability, producibil-
ity, maintainability, reliability, safety, quality, cost, 
etc.[16]. Open access under CC BY-NC-ND license.
No.2 LIU Hu et al. / Chinese Journal of Aeronautics 25(2012) 216-226 · 217 · 
 
As a matter of fact, it has been decades’ of explora-
tions to incorporate flight vehicles’ operational criteria, 
i.e., “design for operation (DfO)” into design stage. 
These researches and applications have emphasized 
various factors in operation, which include cost [17], 
airline’s concerns [18], operation on specified sur-  
faces [19], aircraft crashworthiness [20], long-distance 
cruise capability [21], environmental impact [22], combat 
effectiveness [23-26],  maintainability [27-28], etc. 
This study mainly focuses on two aspects. The first 
aspect is an evaluation model for DfO at the basis of 
classifying operation tasks; the second aspect is virtual 
simulation-based approach to implement the evaluation 
model. A detailed example of applying virtual simula-
tion will be given, and the idea of expanding the usage 
of simulation from design to training will also be dis-
cussed. 
2. Formulation and Evaluation Model of DfO 
2.1. Uniform formulation of operation tasks 
The meaning of DfO, in the authors’ opinion, lies in 
that practical tasks in commercial operations or mili-
tary missions should be fully taken into account at de-
sign stage, and analysis, simulation, testing and other 
means should be used to assess the capacity of design 
concepts for given tasks (called “operation effective-
ness”), so that more potential problems could be found 
and amended at the early design stage, and also more 
costly changes to designs at operation stage could be 
avoided. As shown in Fig. 1, DfO means a further step 
beyond “design for manufacturing (DfM)”, and it can 
also be regarded as a natural trend of taking require-
ments of downstream stages of flight vehicle’s lifecy-
cle into account at early design stage. 
 
Fig. 1  Illustration of DfO’s position in the lifecycle of a 
flight vehicle. 
To both civil and military flight vehicles, a variety of 
tasks are basic units composing practical operations, so 
the theoretical description of a task can be proposed as 
 R R R R( , , , )W f O P E A  (1) 
where W stands for the real world where a task lies in, 
and the four parameters are basic elements composing 
a task: OR stands for design objects, i.e., flight vehicles 
used for the task; PR means persons, such as aircraft 
pilots and maintenance personnel; ER is environment, 
including the related natural environment like moun-
tains, oceans and artificial environment like cities and 
airports; AR means agents that refer to other elements 
with autonomy besides PR in the environment, and such 
objects can be persons, e.g., passengers in aircraft 
evacuation emergency, or other objects e.g., various 
hostile equipment in air and on land during an air at-
tack mission. 
Function f (g) in Eq. (1) is just used to reflect the 
complex relationship of the four elements, and it does 
not (almost impossibly) have an analytical expression. 
In the concept of DfO, design objects are the center of 
the four elements, while persons, environment and 
agents will have an impact on the design objects ü 
these three elements also affect each other, which is 
illustrated in Fig. 2. Various combinations of elements 
in different status constitute a large number of complex 
tasks. It will be ideal for a “best” design to well fulfill 
all kinds of tasks, but the fact is that tasks cannot be 
exhaustively listed considering the complexity of real-
ity. Consequently, only the combination of a series of 
elements can be selected to compose typical tasks and 
then these typical tasks can be used to validate and 
evaluate whether a design concept meet operational 
requirements. 
 
Fig. 2  Illustration of mutual impact of elements in DfO. 
2.2. Hierarchical operation effectiveness evaluation
    architecture 
2.2.1. Tri-hierarchical task classification model 
The tasks to be operated must be vastly different for 
various types of flight vehicles, even typical tasks 
mentioned above will also be of a large number. Since 
it is impossible to list specific standard for each type of 
flight vehicle, a generalized task classification model 
with three hierarchy levels based on the scale and 
characteristics is proposed in this paper, and basic ar-
chitecture for evaluation is further established. As 
shown in Fig. 3, from bottom to up, the tri-hierarchical 
tasks are basic man-object interaction task, complex 
collaborative operation and large-scale joint operation. 
Basic man-object interaction task refers to the task 
which can be fulfilled by a single person or a small 
group who interacts with a single design object, while 
environment and agents only have a small impact on 
this kind of task. Such existing researches as main-
tainability verification and ergonomics analysis in 
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cockpit design [29-30] belong to this level of task. 
 
Fig. 3  Tri-hierarchical task classification model. 
Complex collaborative operation means that a task 
involves variety of flight vehicles (one or more types) 
and other objects, and needs one or several larger units 
of persons to fulfill collaboratively. In a complex col-
laborative task, due to the increasing number of objects 
in the environment, it will be hard to control all of 
them by real personnel. Consequently, the cooperation 
among flight vehicles and other objects must be real-
ized through coordination among personnel and intel-
ligent agents. The environment’s effect in complex 
collaborative operation is also stronger than that of the 
basic man-object interaction task. For example, such 
environment as airport ground facilities layout, urban 
building distribution will be restraints of carrying out 
related collaborative tasks. A typical application is de-
signing combat aircraft, which usually needs to con-
sider different mission profiles for air superiority, es-
cort, ground attack and other tasks, while every task 
will not only encounter a variety of hostile threats, but 
also collaborate with friendly forces. Also the design of 
civil flight vehicle will involve similar collaborative 
operations, such as large aircraft’s ground services, 
emergency evacuation, collaboration of helicopter’s 
pilots and operators in disaster relief.  
Large-scale joint operation means that a task acts as 
an extensive system of close coordination and unified 
action. It involves a number of persons and agents, as 
well as widely covered environment. Design object 
often just acts as a node in system, but it becomes in-
creasingly important for new flight vehicles to meet the 
requirements of this kind of systematized application. 
For example, network-centric warfare should be con-
sidered in military flight vehicle design, while air traf-
fic system, emergency rescue system responding to 
serious natural disasters should be considered in the 
corresponding civil flight vehicle design. 
From basic man-object interaction task and complex 
collaborative operation to large-scale joint operation, 
the trend is continuous increase of environmental com-
plexity and collaboration scale, and continuous reduce 
in requirements for details of design objects. For in-
stance, basic man-object interaction task often requires 
precise geometric and physical information, while 
complex collaborative operation emphasizes more on 
task-related performance such as flight performance, 
handling qualities. In large-scale joint operation, sev-
eral prominent object properties are mainly under con-
sideration, such as range, detection and attack distance, 
payload capacity, while such factors as shape and lay-
out are often not the point. Nevertheless, since the 
tri-hierarchical tasks emphasize different aspects, they 
are indispensable in reflecting a flight vehicle’s real 
operations. Through synthetic analysis of the three 
hierarchy levels, a design object’s operation ability, 
operation function and operation environment could be 
evaluated more comprehensively, so that such impor-
tant decisions as selecting the optimal design concept 
could be made more reasonably. 
2.2.2. General architecture of evaluation criteria 
Bring operating tasks into design will naturally lead 
to the problem of evaluating operation effectiveness, so 
it is necessary to set up a comprehensive evaluation 
criteria. Considering the variety of tasks, this paper 
will only give a general architecture of evaluation cri-
teria, while detailed evaluation criteria for specific 
tasks will serve as the subsequent research. 
Among three hierarchy levels, the tasks have no al-
ternative relations or affiliate relationship, instead they 
are unique, therefore functions of all the three levels 
should be considered in the general operation effec-
tiveness evaluation, as Eq.(2) shows: 
 O B B C C L LE C E C E C E    (2) 
where EO is general operation effectiveness of an flight 
vehicle. EB, EC, and EL are respectively basic man- 
object interaction effectiveness, complex collaborative 
effectiveness and large-scale joint effectiveness. CB, CC 
and CL are the corresponding weight coefficients of the 
three effectiveness and meet the following equation: 
 B C L 1C C C    (3) 
Weight coefficient can be determined by such tradi-
tional methods as expert scoring and test statistics [31]. 
The adjustment of weight coefficients can reflect the 
emphasis of different types of flight vehicles. To some 
simple aircraft, e.g., light general aviation aircraft, CL 
may even set to be zero. On the other hand, weight 
coefficients are not fixed to a particular aircraft. For 
example, if a military transport plane concept is 
changed to an air tanker, the weight coefficients should 
be revised. 
EB , EC and EL respectively represent the overall op-
eration effectiveness of a single hierarchy level, there-
fore every hierarchy level needs a further subdivision. 
There are two possible subdivision ways. One can get a 
further subdivision of evaluation based on specific 
design and performance indexes, e.g., EC can be di-
vided into evaluations of range, combat radius and 
passenger capacity. By this means, effectiveness ele-
ments can be directly defined referring to every key 
index, making it easy to compare contribution of dif-
ferent indexes to overall effectiveness. However, this 
way also has defects. In fact, to flight vehicle design, 
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every index tends to involve multiple tasks. For exam-
ple, radar detection range can be applied in both air 
superiority and ground attack tasks, and each of these 
tasks must involve other indexes. This kind of situation 
will inevitably lead to mutual intersection between 
indexes and tasks, which must bring obstacle to the 
establishment of a clear hierarchical relationship 
among operation effectiveness. 
The other subdivision way is task-centered, which 
means to reasonably divide typical tasks according to 
different flight vehicle types (Figure 4 shows some 
examples), and then put forward operation effective-
ness for each type of tasks. In this way, every subdi-
vided effectiveness will surely be the composite of 
several designs and performance indexes, which reflect 
better comprehensiveness and expansibility. Also it can 
be better compatible with the existing operation effec-
tiveness analysis methods that concerns specific tasks. 
For these reasons, the paper adopts the task-centered 
way for subdivision. 
 
Fig. 4  Example tasks of typical flight vehicles. 
Under the conditions of a further subdivision in every 
hierarchy level, factors in Eq. (2) can be divided as 
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where l, m and n are respectively task numbers of 
every subdivided hierarchy level. EB,i, EC, j, and EL,k are 
respectively the operation effectiveness of each subdi-
vided hierarchy level. CB,i, CC, j, and CL,k are still the 
corresponding weigh coefficients and add up to 1. Af-
ter subdivision, the overall operation effectiveness of a 
certain aircraft can be calculated: 
O B B, B, C C, C, L L, L,
1 1 1
l m n
i i j j k k
i j k
E C C E C C E C C E
   
  ¦ ¦ ¦  (7) 
When the method mentioned above is used to com-
pute operation effectiveness, an inevitable problem lies 
in the fact that results of different simulations must 
have different dimensions, so these results must be 
normalized for accumulation and comparison [32-33]. 
Considering the convenience for application, this paper 
adopts target standardization method in Ref. [32]. That 
is, suppose there are q decision-making indexes fȕ 
(1gȕgq) and p concepts needing to be evaluated aĮ 
(1gĮgp), a decision-making matrix can be set as 
  , ,D E X p qx  (8) 
where xĮ, ȕ means a target factor in each concept. Each 
factor can be normalized as 
 ,
,
,
1
,1p
x
y p q
x
D E
D E
D E
D
D E
 
 
¦
 g g g g  (9) 
Then a vector normalization standard matrix can be 
constructed as Y=(yDE)p, q and can be used for further 
computation. 
In fact, synthesis based on weight coefficients is just 
a basic way of making multi-objective decision. In 
addition, there are such more complex methods as hi-
erarchy analysis method [34], grey relational analysis 
method [35] and spider diagram [36]. Moreover, it is a 
serious challenge to determine effectiveness indexes of 
every subdivision task, which could lead to lots of fol-
low-up researches. As this paper focuses on depicting 
the concept and basic architecture of DfO and the 
in-depth analysis of these problems is beyond the 
scope of this paper, a further discussion is skipped. 
3. Architecture of Virtual Simulation-based Hie-
rarchical Task Evaluation 
3.1. Virtual simulation-based evaluation approach 
In addition to traditional methods, e.g., mathe- 
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matical resolution [37-38], for effectiveness analysis, vir-
tual simulation has attracted more and more attention. 
As mentioned in Ref. [37], virtual simulation is a key 
measure to realize lower costs and lower risks in large 
military projects and is also in accord with the trend of 
weapon acquisition [39]. To flight vehicles, there are 
many cases of evaluating the effectiveness of fighter 
aircraft by means of simulation [40-41], but there are 
quite fewer cases to civil flight vehicles. Consequently, 
it is expected that more researches and explorations 
will be put forward in this area on the basis of virtual 
simulation architecture presented in this paper. 
Corresponding to the tri-hierarchical task classifica-
tion model mentioned above, a tri-hierarchical archi-
tecture of virtual simulation can be formed by mapping 
the four elements (objects, persons, environment and 
agents) in Eq. (1) to a virtual world of simulation, and 
the following description can be obtained: 
 V V V VVW ( , , , )f O P E A  (10) 
where VW is the virtual world mapping from the real 
world. OV, PV, EV and AV respectively represent virtual 
objects, persons interacting with the virtual world (not 
uncontrollable virtual personnel), virtual environment 
and virtual agents. In tri-hierarchical architecture of 
virtual simulation, every hierarchy level will involve 
the four elements, and also has specific features ac-
cording to different types of tasks. 
When basic man-object interaction tasks are simu-
lated, virtual objects and persons are the key points. To 
virtual objects, because details of design concepts usu-
ally need to be interacted to evaluate such characteris-
tics as accessibility and maintainability, geometric and 
physical properties of objects must be described in 
depth. And the foundation of simulation should be ac-
curate digital mock-up. To persons, for the conven-
ience of evaluating human ergonomics, virtual reality 
hardware, such as helmet and force feedback device, 
are necessary for more natural and precise man-ma-
chine interaction besides software-based simulation. 
Requirements for simulating environment and agents 
are relatively weak at this hierarchy level, but cannot 
be completely ignored. For example, maintenance of 
carrier-borne aircraft needs a simulation of complex 
onboard operation environment (including the influ-
ence of sea wave). Also other equipment and people’s 
movements in the narrow onboard space should be 
considered, and these movements can be controlled by 
artificial intelligence. 
In terms of implementation, available commercial 
software packages include Delmia, CATIA, Jack, etc., 
and they can connect with such interaction hardware 
devices as HAPTION and ART. Figure 5 is a demon-
stration of man-machine ergonomics validation for 
civil aircraft cockpit design, which is accomplished by 
the authors’ team with ART human motion capture 
device. 
In order to precisely reflect and evaluate different 
flight vehicles’ performance, geometric and physical 
properties are always strictly required in the simulation 
 
Fig. 5  Validation with ART human motion capture device. 
of complex cooperative tasks. Also terrain, weather and 
other factors in simulation should be realistic, because 
these collaborative tasks often involve applications 
under complex terrain (e.g. helicopters’ rescue task in 
mountain area) and weather conditions (e.g. airliners’ 
taking off and landing in rain, snow and fog). As to 
human’s interaction with simulation system, it is better 
to take advantage of various levels of simulator and 
other hardware devices to achieve an accurate man-in- 
loop assessment. 
In addition, artificial intelligence also needs to be 
emphasized in simulation. Taking simulation and 
evaluation of fighter aircraft as an example, single and 
multi-aircraft confrontations have been studied in 
depth in the existing researches, but other friendly 
equipment and hostile threats will be inevitably in-
volved in joint warfare, and it is difficult to control all 
of them in the way of man-in-loop. So the simulated 
elements that cannot be directly manipulated need arti-
ficial intelligence to implement self-control. 
Because the factors involved are abundant and com-
plex, simulation systems for complex collaborative 
tasks are often  developed by a variety of hardware 
devices and software tools, such as VEGA Prime, Vir-
tools, Unity3D, and several self-developed tools by 
some research institutions, such as DVENET [42] and 
STOW [43]. The underlying architecture for collabora-
tive simulation can take advantage of high-level simu-
lation architecture (HLA), SIMKIT [44], etc. Figure 6 
shows a collaborative simulation demonstration of air-
liner ground service using Virtools and HLA, which is 
accomplished by the author’s team. 
Simulation system for large-scale joint operation re-
fers to more elements than other hierarchy levels. 
However, since it is at macro level, the requirements 
for detailed geometry and characteristics are relatively 
rough. Nevertheless, it does concern such aspects as 
the key indexes of flight vehicles and other relevant 
equipment, pattern of joint operation, as well as the 
way of mission planning. As to environment, in addi-
tion to the simulation of relatively large-scale combat 
missions, airline fleet operations and natural disasters, 
there are researches that mix such macroscopic factors 
as politics and economics into simulation in other ar- 
eas [45]. If possible, these macroscopic factors could 
also be gradually taken into account in DfO, since 
some major flight vehicle development programs, such 
as new fighters and large airliners, are usually affected  
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Fig. 6  Collaborative simulation demonstration of airliner 
ground service. 
by these macroeconomic factors. As to the effect of 
agents at this level of simulation system, one of the 
challenges will be simulating group of people’s re-
sponse in large-scale matters, e.g., natural disaster or 
local war. 
High-level simulation system for large-scale opera-
tions can generally be implemented with software, but 
there are few specific development tools for this pur-
pose or cases on flight vehicle design at present. A ref-
erence tool is satellite tool kit (STK) [46-47] applied to 
astronautics, from which some key features for this 
kind of simulation system can be found, including 
abundant equipment databases, convenient mission 
assumption, analysis of evaluation results, as well as 
the trend of visualizing joint operations from 
two-dimensional maps to three-dimensional scenarios, 
which can more directly reflect relations and coopera-
tion among various elements in real environment. 
For any hierarchy level of virtual simulation system 
mentioned above, close integration with design is im-
portant. And corresponding to different design phases, 
different design factors will be included in relevant 
simulation system. In general, evaluation of macro- 
level design indexes corresponds to large-scale joint 
operation simulation, geometry and dynamic charac-
teristics defined in conceptual and preliminary stages 
are mainly assessed in complex collaborative simula-
tion, while detailed digital mock-up determined in pre-
liminary and detail design phases corresponds to basic 
man-object interaction simulation. 
Although every simulation system in the three hier-
archy levels has its own focus, there are common fac-
tors among them. For example, detailed dynamic char-
acteristics fixed at preliminary and detail design phases 
can also be applied to collaborative simulation system 
for more accurate assessment. In addition, the key per-
formance indexes in macro-level simulation, such as 
range and payload capacity of fighter aircraft, also 
need to be considered in collaborative simulation. 
Therefore, it is in essence difficult to draw a clear 
boundary for the definition and application among dif-
ferent levels of tri-hierarchical simulation architecture. 
Despite that the current researches and applications are 
mainly developed separately, it can be expected that 
the trend should be gradual integration and sharing of 
resources, then relatively unified simulation platform 
for each type of flight vehicles could be formed. 
3.2. Application example 
Because of the complexity of flight vehicle design, it 
is a challenging and vast systematic engineering to 
build the simulation systems for tri-hierarchical task 
classification model, which must need intensive and 
persistent research and practice. To validate the evalua-
tion model and simulation approaches depicted in this 
paper, a simplified example of evaluating two airliner 
concepts is given. This example mainly describes how 
to turn each hierarchy level’s simulation results into 
quantitative operation effectiveness according to the 
evaluation model, which could help the decision mak-
ing process of selecting an optimal design at concep-
tual stage. 
In fact, building a complete and accurate virtual 
simulation system to evaluate airliner’s operation ef-
fectiveness is beyond the capability of this paper. 
However, once more sophisticated system and more 
evaluation subjects are available in future, the follow-
ing analysis and synthesis methods could be referred 
for more practical applications. 
Suppose the requirements of an airliner design in-
clude the payload of about 160 passengers and the 
range of about 4 000 km, which could cover the major 
routes in the mainland of China. Two candidate design 
concepts (see Fig. 7) are proposed: 
ǂConcept AC1  160 seats, cruising Mach number 
0.785, similar configuration to Boeing 737-800; 
ǂConcept AC2  168 seats, cruising Mach number 
0.78, similar configuration to A320. 
As shown in Fig. 8, only six subdivided opera-
tional tasks are taken into account in this example, 
and three virtual simulation scenarios have been built. 
The settings of the key elements in Eq. (10) are listed 
in Table 1. 
Figures 9-10 show the simulation conducted at the 
basic man-object interaction level. The scenario is built 
by using 3D Max and Virtools, while the 3D aircraft 
models are imported from CATIA. In Fig. 9, the virtual 
person can be controlled to interact with doors of front  
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Fig. 7  Two airliner design concepts. 
 
Fig. 8  Design project evaluation structure. 
 
Table 1  Element setting in simulation programs 
Hierarchy Simulation scenario OV PV EV AV 
Basic men-object interaction 
task 
Evaluation of  
accessibility 1AC1/1AC2 
A virtual man under 
control Neglect the effect A container 
Complex collaborative 
operation Airport service 1AC1/1AC2 
A ground service car 
under control Airport apron Eleven automatic service cars
Large-scale joint operation Domestic air routes 3AC1/3AC2 Men-made operation planning 
Airports’ capacity,  
distribution of cities, etc. 
Airplane automatically fly 
according to the air route 
 
 
Unit:m    
Fig. 9  Simulation scenarios of evaluating accessibility of 
doors. 
cargo hold, doors of electronic equipment cabin, as 
well as covers of engine oil. The person’s further 
movements, i.e., climbing inside or finding a ladder, 
will be determined according to these places’ heights 
above ground (indicated by such numbers as 1.24 and 
1.19, unit: m) . In Fig. 10, the standard size container 
will automatically try doors of rear cargo hold to see 
whether it can pass or not. 
According to the fuzzy comprehensive evaluation 
method [48-49], a level and the corresponding meaning  
 
Unit:m    
Fig. 10  Simulation scenarios of loading containers. 
for basic man-object interactive tasks are established 
(see Table 2). Generally speaking, when evaluating 
multiple indexes, multiple level and meaning charts are 
needed, but only one table is used to cover all the in-
dexes of basic man-object interactive tasks mentioned 
above, because these indexes do have similarities. 
Then, Table 3 is obtained by scoring the simulation 
results according to Table 2. 
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Table 2  Basic man-object interaction task evaluation 
level and its meanings 
Grade Score Meaning of the grade 
Excellent 1 Unarmed accessible for maintenance 
Good 0.8 Need ladder to perform maintenance 
Medium 0.6 Need other person’s help to perform maintenance 
Bad 0.4 Hard for maintenance 
Poor 0.2 Have design fault that affects maintenance 
Table 3  Simulation result of design concept 
Design 
concept Evaluation object Design value 
Simulation 
result 
Result 
score
Front cargo door 
height /m 1.24 
Unarmed 
accessible 0.9 
Electronic equip-
ment cabin door 
height /m 
1.19 Unarmed accessible 0.9 
Engine oil cover 
height/m 1.19 
Unarmed 
accessible 0.9 
AC1 
Rear cargo door  
size/(m×m) 0.89×1.22 
Cannot load 
standard size 
container 
0.5 
Front cargo door 
height /m 2.09 Need ladder 0.7 
Electronic equip-
ment cabin door 
height/m 
1.94 Need ladder 0.7 
Engine oil cover  
height/m 1.97 Need ladder 0.7 
AC2 
Rear cargo door  
size/(m×m) 1.19×1.49 
Can load 
standard size 
container 
0.9 
 
According to Eq. (8) and Eq. (9), the corresponding 
decision-making matrix is 
   , 2,4 0.9 0.9 0.9 0.50.7 0.7 0.7 0.9i jx ª º  « »¬ ¼X   
and the vector normalization standard matrix is 
 
 , 2,4 0.56 0.56 0.56 0.360.44 0.44 0.44 0.64i jy ª º  « »¬ ¼Y  
For the four subdivision tasks involved in this hier-
archy level, the weight coefficients are set as CB,1=0.2, 
CB,2=0.2, CB,3=0.2, CB,4=0.4. 
According to Eq. (4), the basic man-object interac-
tion effectiveness of AC1 and AC2 is 
 
4
B,AC1 B, B,AC1,
1
0.48i i
i
E C E
 
  ¦   
 
4
B,AC2 B, B,AC2,
1
0.52i i
i
E C E
 
  ¦   
As to the simulation of ground service (see Fig. 11), 
Table 4 shows the related parameters that are set based 
on the data in ground service manuals of Boeing 737 
and A320 [50-51], and Table 5 shows the relevant prede-
fined parameters of the design concepts. 
Through simulation, the total ground service time of 
AC1 and AC2 is 34 min and 38 min, respectively. The 
ground service effectiveness can be set as the recipro-
cal of the total service time, then the service effective- 
Table 4  Airport ground service related parameters 
Parameter item AC1 AC2 
Passenger number/person 160 168 
Off board rate/(person·min1) 18 20 
On board rate/(person·min1) 12 12 
Fuel addition/gallon 2 700 3 780 
Front cargo hold capacity/bale 69 88 
Rear cargo hold capacity/bale 91 80 
Cargo unloading rate/(bale·min1) 15 12 
Cargo loading rate/(bale·min1) 10 8 
Cargo addition/kg 0 600 
Note: On board with full number of passengers; off board with all the 
passengers away from the airplane 
Table 5  Airport ground service list 
Service time /min Service 
item Service content Scope AC1 AC2
Stair station and passengers off 
board 9-10 9 9.5
Kitchen service 14-22 22 14
Cleaning service 8-14 14 8
Main cabin 
service
Boarding and stairs’ packing up 13-18 13 18
Front cargo hold unloading 6-18 6 18
Front cargo hold loading 8-20 8 20
Rear cargo hold unloading 8-18 8 18
Cargo 
service
Rear cargo hold loading 10-20 10 20
Fuel service 13-18 13 18
Potable water service 5-7 6 6Aircraft service
Washroom service 8-14 14 8
     
 
Fig. 11  Airport ground service simulation scenarios. 
ness decision-making matrix can be formed based on 
Eq. (8), i.e. 
   T, 2,1 1 134 38i jx ª º  « »¬ ¼X  
then the corresponding vector normalization standard 
matrix is 
   > @T, 2,1 0.53 0.47i jy  Y   
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Because only airport ground service is evaluated at 
this level, the effectiveness of complex collaborative 
tasks of AC1 and AC2 can be concluded as 
 C,AC1 C,AC20.53, 0.47E E    
Simulation at large-scale joint operation level takes 
advantage of the airliner transportation effectiveness 
evaluation system, which is under development by the 
author’s team. The background of the simulation is that, 
suppose AC1 or AC2 would be purchased by an airline 
and be used for three domestic air routes (see Fig. 12), 
i.e., Beijing-Shanghai (non-stop), Chengdu-Beijing 
(transit at Xi’an) and Guangzhou-Beijing (non-stop). 
The overall transportation effectiveness is evaluated by 
taking transportation capacity index, time consumption 
index and fuel consumption index into account. If more 
routes and indexes need to be evaluated, the process is 
similar to what is discussed in this simplified example. 
 
Fig. 12  Route setting established in airliner transportation 
effectiveness evaluation system. 
 The key input parameters and results are listed in 
Table 6. These results are basically obtained by accu-
mulating relevant parameters’ change during simula-
tion, and the details are omitted here for concision. 
Table 6  Input of key parameters and results of simula-
tion at large-scale joint task operation level 
 Parameter AC1 AC2 
Cruise Mach number 0.785 0.78 
Fuel capacity/kg 20 000 18 600 
Range/km 4 000 4 000 
Payload/person 160 168 
Input 
parameter 
Extra cargo weight/kg 0 600 
Transportation capacity  
index/(107kg·km) 8.26 8.98 
Time consumption index/min 362 393 
Output 
result 
Fuel consumption index/(kg·km1) 6.69 7.56 
    
According to Table 6, the transportation capacity 
index decision-making matrix can be set as A=  
(ai,j)2,1 =[8.26 8.98]T; in order to normalize the results 
in a positive way, the time consumption index     
decision-making matrix can be set as B=(bi,j)2,1 = 
[1/362 1/393]T
 
and the fuel consumption index deci-
sion-making matrix can be set as C=(c1,j)2,1=   
[1/6.69 1/7.56]T. 
Therefore, the transportation efficiency index deci-
sion-making matrix is  
 
1 18.26
362 6.69[ ]
1 18.98
393 7.56
ª º« »  « »« »« »¬ ¼
X A B C   
and the corresponding vector normalization standard 
matrix is 
 
 , 2,3 0.48 0.52 0.530.52 0.48 0.47i jy ª º  « »¬ ¼Y   
The weight coefficients of transportation efficiency 
index, time consumption index and fuel consumption 
indicators are set respectively as CL,1=0.4, CL,2=0.3 
and CL,3=0.3, then the large-scale joint effectiveness is 
 
3
L.AC1 L, L,AC1,
1
3
L.AC2 L, L,AC2,
1
0.51
0.49
i i
i
i i
i
E C E
E C E
 
 
­   °°®°   °¯
¦
¦
  
Finally, set weight coefficients of the three hierarchy 
levels as CB=0.3, CC=0.3, CL=0.4, then the operation 
effectiveness of AC1 and AC2 in this example is 
 O,AC1 B B,AC1 C C,AC1 L L,AC1
O, AC2 B B,AC2 C C,AC2 L L,AC2
0.51
0.49
E C E C E C E
E C E C E C E
    ­°®     °¯
  
Therefore, AC1 has better operation effectiveness 
than AC2 in the context that only tasks in Fig. 8 are 
involved. Anyway, the result of operation effectiveness 
can be used with such results as flight performance and 
cost for further multi-objective decision. It should be 
emphasized again that the tri-hierarchy level simula-
tions given here are just simplified illustrations for 
more practical applications that would be conducted by 
other researchers and the authors’ team. 
4. Expansion of Hierarchical Task Simulation  
The significance of hierarchical task simulation sys-
tems is beyond evaluation and feedback to flight vehi-
cle design. It can be reputed that the design stage is the 
equivalent of changing OV in Eq. (10), and the proce-
dure of design is just to evolve the initial rough design 
indexes of an object to an optimal concept in different 
alternatives. Then a correction of Eq. (10) can be 
given: 
 V V V VVW ( , , , )f O P E A G    (11) 
where G  is the noise that affects the four elements, 
and the most common influences are imposed on OV 
and PV. If G is mainly imposed on OV, the design 
process will be reflected by Eq. (11) . In this case, 
function of virtual simulation is to implement DfO 
through three hierarchy levels proposed in the previous 
section. If G  is mainly imposed on PV, i.e., man is 
taken as a key variable in simulation system, the virtual 
simulation reflects training personnel who conduct 
tasks with “designed” flight vehicles, which could also 
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be called “training for operation (TfO)”. 
Based on the uniform description model given in  
Eq. (11), the tri-hierarchical virtual simulation archi-
tecture proposed for DfO can also be applied to TFO, 
with some differences on targets of application and 
ways of implementation as follows. 
As to basic man-object interaction, simulation can be 
used to train personnel who conduct maintenance and 
support. However, this kind of simulation emphasizes 
more on environment verisimilitude, operation process 
and proficiency of personnel, which is different from 
basic man-object interaction simulation of DfO that 
emphasizes precision of interaction. As to complex 
collaborative operation, virtual simulation can be used 
to train the manipulation, command and coordination 
among different players in a certain task, such as pilots 
of different flight vehicles, ground equipment operators 
and tactics commanders. As to large-scale joint opera-
tion, virtual simulation can be used to train the macro-
scopic planning and decision-making ability of senior 
commanders and civil air traffic management person-
nel. 
Although plenty of researches and applications have 
been conducted on virtual simulation-based train-   
ing [52-56], there are still many technical difficulties in 
realizing the three hierarchy levels comprehensively. 
For example, it is hard to reduce data amount from 
design resource, e.g., digital mock-up, and then use 
those data to training, and it is a serious challenge to 
realize that simulation training environment automati-
cally changes when the design source is changed. It is 
predicted that virtual simulation training can hardly 
take the place of practical training at present, even for a 
very long time in the future. But there is no doubt that 
it will well supplement such aspects as reducing train-
ing cost, promoting training quality, especially reap-
pearing actual battlefield and natural disaster that can 
hardly be achieved in the training of real world. 
5. Conclusions 
Based on analyzing the trend of emphasizing re-
quirements for operation at the design stage of devel-
oping flight vehicles, tri-hierarchical task classification 
and evaluation model of DfX, virtual simulation-based 
evaluation architecture and the way of implementation 
have been depicted. 
Just like the fact that flight vehicles in real world 
will involve numerous tasks in operation, it is a huge 
systematic engineering to build the simulation systems 
supporting DfO and build the corresponding training 
simulation systems. This paper just gives a general 
discussion on ideas, architecture level analysis and 
examples, while the emphasis of next step is to build 
more practical virtual simulation systems for one or 
several types of flight vehicles. 
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